In this paper, we propose a geometry histogram modification algorithm to increase the visibility of 3D point models. We define a weak feature as a group of neighboring points yielding the small deviations of normal directions. Geometry histogram is defined as the distribution of the signed distance between a feature point and the locally approximated plane. We equalize and stretch the geometry histogram and move the corresponding feature points accordingly. We also use the OpenGL API for simple and fast rendering of 3D point models. Experimental results show that the proposed algorithm efficiently enhances the geometry contrast of 3D point models by improving the appearance of the weak features.
Introduction
Point clouds are used to represent highly detailed 3D models [1] . Many techniques have been proposed to efficiently process 3D point models. While the conventional graphics processing units (GPUs) are used mainly for polygon meshes, a dedicated hardware architecture to 3D point models was also developed [2] . Pauly et al. proposed a robust detection algorithm for line-type features by classifying the points at multiple scales [3] .Öztireli et al. devised a smooth surface representation method for a 3D point model which preserves sharp geometric features [4] . The conventional processing techniques for 3D point models usually extract the salient geometric features such as edges and corners. However little effort has been made to enhance the weak features, which yield relatively little difference of geometric characteristics between the neighboring points and thus may not be clearly perceived when rendering a 3D point model.
In this paper, we improve the appearance of the weak features in a 3D point model using geometry histogram modification. We first detect the weak features based on the normal deviation between the neighboring points. For each local region of weak features, a geometry histogram is defined as the distribution of points along the normal direction to the locally approximated plane. In general, a weak feature yields a relatively narrow dynamic range of point positions in the geometry histogram. Therefore, based on the histogram equalization and stretching techniques, we modify the geometry histogram to be more uniformly distributed over a wider dynamic range. The modified 3D point models are rendered through the OpenGL API (Application Program Interface) to exploit GPU for various 3D application systems. Experimental results show that the proposed algorithm effectively changes the weak features to be visible more obviously.
Weak feature extraction
In 3D point models, while the neighboring points distributed on a flat and smooth surface region have almost the same normal directions, the points on a sharp edge or corner yield the significantly different normal directions from each other. Therefore, we analyze the geometric characteristics of a 3D point model by employing the normal vectors of points. In particular, we observe that the relatively small deviations of normal directions are associated with the points in the weak features, such as shallowly engraved or slightly protruding patterns on a flat surface region. It means that the normal deviation can be used to extract the weak features.
We first assign a normal vector − → n i to a point p i by using the covariance analysis for the K-nearest neighbor points, p i,j 's (1 ≤ j ≤ K) [5] . Then the normal deviation σ(p i ) is computed at p i as the average angle between the two normal vectors of − → n i and −→ n i,j . Practically, p i is selected as a point in the weak features when σ(p i ) belongs to a specific range. We employ the 8-nearest neighbor points to calculate σ(p i ), and adaptively set the user-defined range for the normal deviation according to a 3D point model. The selected points as weak features are locally partitioned into several groups using a region growing technique. In addition, we apply the mean filtering for the values of σ(p i ), in order to include the locally adjacent points into a connected region of weak feature. Fig. 1 shows that the several regions are extracted as the weak features from the 'Golf-club' model.
Geometry contrast enhancement
We introduce a concept of geometry contrast as the differences in the geometric characteristics of a 3D model. The weak features in a 3D point model generally yield degraded geometry contrast, since they are barely distinguishable from the background surface. Histogram equalization and stretching techniques enhance the image contrast by evenly distributing the intensity values [6] . Based on this idea, we increase the visibility of the weak features and enhance the geometry contrast of a 3D point model.
Geometry histogram
For each weak feature, we evaluate the signed distance d from the average position p of the weak feature to a point p along a specified direction − → e , which is given by
Then we define the directional geometry histogram as the probability distribution of d associated with the points in a weak feature. − → e is defined as the histogram direction vector and basically changeable. Therefore, for the same group of points, the geometry histogram yields the different distributions according to the selection of histogram direction vector. We set − → e as the normal vector of the plane which approximates the distribution of p's in a weak feature and passes through p, since p's yield the smallest variation along this direction. Fig. 2 illustrates the geometry contrast enhancement which moves an original point p to a new position p along the corresponding histogram direction − → e via 
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where τ is the scaling paramter, and d min and d max mean the lower bound and the upper bound of d in the original geometry, respectively. As shown in Fig. 2 
Experimental results
We evaluate the performance of the proposed algorithm on the test 3D point models shown in Fig. 3 . Fig. 3 (a) shows the original 'Golf-club' model composed of 209,779 points, and Fig. 3 (b) shows the enhanced model. We observe that the shallowly carved letters and numbers on the surface of the original model are clearly appeared in the enhanced model. Fig. 3 (c) shows the original 'Isis' model composed of 187,644 points, where the indistinct patterns are engraved on the back of the model. However, in Fig. 3 (d) , we can more easily visualize the patterns by enhancing the geometry contrast.
In the experiments, we empirically set the scaling parameter τ in (6) We also use the glDrawArrays API of OpenGL to facilitate a simple and fast rendering of many points without complex processing [7] . The rendering speed of the 'Golf-club' model and the 'Isis' model is 43 fps and 46 fps, respectively, on a system with Intel Core i7 2.79 GHz CPU, 6 GB RAM, and nVidia Quadro FX 1800 GPU.
Conclusion
We introduced a novel concept of geometry contrast and proposed a geometry contrast enhancement algorithm for 3D point models using the histogram modification techniques. The weak features are extracted based on the normal deviation of points. The geometry histogram is defined for each weak feature as the distribution of points along the normal direction to a locally approximated plane. By equalizing and stretching the distribution of points, we increase the visibility of 3D point models and enhance the geometry contrast.
